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ZKHUH୧ǡ  ൌ ͳǡʹǡ ǥ ǡ DUHWKHGDLO\SRVLWLRQHSRFKVLQXQLWVRI\HDUV&RHIILFLHQWVDQGDUHWKHFRQVWDQWELDVZLWK
UHVSHFWWRWKHEHJLQQLQJHSRFKDQGFRQVWDQWYHORFLW\DVDOLQHDUUDWHRIWKHVLWHUHVSHFWLYHO\6LQHDQGFRVLQHWHUPV
PRGHOVHDVRQDOYDULDWLRQVZLWKDQQXDODQGVHPLDQQXDOIUHTXHQFLHV
7KHQH[WWHUPZLWKD+HDYLVLGHVWHSIXQFWLRQFRUUHFWVWKHFRRUGLQDWHWLPHVHULHVIRUDQ\QXPEHU୥RIRWKHU
RIIVHWVZLWKPDJQLWXGH୨DQGHSRFKV୥ౠ ൌ ͳǡǥ ǡ ୥୧LVWKHHUURUWHUP7KHPRGHOLVOLQHDUZLWKUHVSHFWWRWKH
SDUDPHWHUVDQGFDQEHZULWWHQLQDPDWUL[IRUPDV
ܡ ൌ ۯ ή ܠ ൅ ܞ
ZLWKDGHVLJQPDWUL[ۯDQGDYHFWRURIXQNQRZQSDUDPHWHUV
ܠ ൌ ሾ      ܏ሿ୘
8VLQJWKHZHLJKWHGOHDVWVTXDUHVVROXWLRQWKHUHVLGXDOWLPHVHULHVLVREWDLQHGDIWHUVROYLQJWKHVLWHPRWLRQPRGHO
LQ(T,QWKHQH[WLWHUDWLRQVWHSDOHDVWVTXDUHVVSHFWUDODQDO\VLV/66$LVXVHGRQWKHUHVLGXDOWLPHVHULHVDQG
WKHXQGHUO\LQJKLGGHQSHULRGLFLWLHVDUHDQDO\]HG$PDLQREMHFWLYHRIWKH/66$PHWKRGLVWRPRGHODWLPHVHULHV܎
ZLWKWULJRQRPHWULFVLQHDQGFRVLQHIXQFWLRQVRIDVHWRIVSHFWUDOIUHTXHQFLHVȳ ൌ ሼɘ୨Ǣ  ൌ ͳǡʹǡ ǥ ǡ ሽො൫ɘ୨൯ ൌ ොଵ୨ ή
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(URO  7KH XQNQRZQ SDUDPHWHUVොଵ୨DQGොଶ୨DUH HVWLPDWHG XVLQJ WKH VWDQGDUG
OHDVWVTXDUHVWHFKQLTXHZLWKWKHFRYDULDQFHPDWUL[۱܎7KHOHDVWVTXDUHVVSHFWUXPLVGHILQHGDV3DJLDWDNLV
6LJQLILFDQWVSHFWUDOSHDNVDUHWHVWHGDFFRUGLQJWRWKH)LVKHUGLVWULEXWLRQIRUDFULWLFDOYDOXHቀͳ ൅ ஥
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FKDQJHVDQGDUHPRGHOHGZLWKD+HDYLVLGHWHUP
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,Q RXU ZRUN ZH DVVXPH WKDW HUURUV୧ DUH XQFRUUHODWHG LQ WLPH DQG UDQGRP GLVWULEXWHG ZLWKሺ୧ሻ ൌ Ͳ 7KH
FRRUGLQDWHWLPHVHULHVDUHDQDO\]HGLQGHSHQGHQWO\IURPHDFKRWKHUIRUGLIIHUHQWGLUHFWLRQVDQG*36VWDWLRQV8QGHU
WKLVSUHVXPSWLRQZHDYRLGWKHLQIOXHQFHRIHUURUVDQGPLVILWEHWZHHQGLIIHUHQWWLPHVHULHV)RUWKHVWDWLVWLFDOWHVWRI
FRPSXWLQJVLJQLILFDQWIUHTXHQFLHVDͻͻΨ±OHYHORIFRQILGHQFHLVXVHG,QRUGHUWRVKRZDQRLVHLQIOXHQFHRQDWLPH
VHULHVVSHFWUXPDURRWPHDQVTXDUHHUURU
ሺ୧ሻ ൌ  ൅  ή ୧ ൅  ή ሺʹɎ୧ሻ ൅  ή ሺʹɎ୧ሻ ൅  ή ሺͶɎ୧ሻ ൅  ή  ൅෍୨ ή  ቀ୧ െ ୥ౠቁ ൅ ୧
୬ౝ
୨ୀଵ
ǡ 
ሺɘ୧ሻ ൌ
܎୘ ή ۱܎ିଵ ή ܏ොሺɘ୧ሻ
܎୘ ή ۱܎ିଵ ή ܎
Ǣ  ൌ ͳǡʹǡ ǥ ǡ  Ǥ  
637 Sonja Gamse et al. /  Procedia Earth and Planetary Science  15 ( 2015 )  635 – 640 

 ൌ ඨ
σ ሺො୧ െ ୧ሻଶ୒୧ୀଵ


DQGDVLJQDOWRQRLVH UDWLR ൌ ஜ౏
஢ొ
DUHFRPSXWHGDIWHUHDFK LWHUDWLRQVWHSɊୗLVDPHDVXUHPHQWPHDQFRPSXWHG
E\SRZHUPHDQDV
Ɋୗ ൌ ቀ
ଵ
୒
σ ୧୫୒୧ୀଵ ቁ
భ
ౣ
LQRXUFDVH ൌ ʹ3DUDPHWHUɐ୒LVDVWDQGDUGGHYLDWLRQRIWKHQRLVHFRPSXWHGDFFRUGLQJWRFRPPRQGHILQLWLRQIRU
WKHVWDQGDUGGHYLDWLRQ
1XPHULFDOUHVXOWV
7KH PHWKRG LQWHUPHGLDWH DQG ILQDO UHVXOWV DUH SUHVHQWHG IRU *36 VWDWLRQ shos ,Q\R &RXQWU\ ൌ
͵ͷǤͻ͹ͳͶι ൌ െͳͳ͸ǤʹͻͻͲι)RU VHOHFWHG*36VWDWLRQQRELJRIIVHWVDUHSUHVHQWHG LQ WKHGDWD&K\ED
1HQDãLHO VD åLDGHQ ]GURM RGND]RY )RU RWKHU *36 VWDWLRQV RQO\ WKH HVWLPDWHG YHORFLWLHV DUH SUHVHQWHG DQG
LQWHUSUHWHG

)LJ&RRUGLQDWHWLPHVHULHVIRU1(DQG8GLUHFWLRQIRU*36VWDWLRQshosEODFNGRWVHVWLPDWHGFRRUGLQDWHVUHGOLQHDQGHVWLPDWHGYHORFLW\
UDWHVLQPP\U

$IWHUFRPSXWLQJWKHVLWHPRWLRQPRGHOLQWKHUHVLGXDOWLPHVHULHVDUHREWDLQHG&K\ED1HQDãLHOVDåLDGHQ
]GURM RGND]RY OHIW ZKHUH WKH SHULRGLFLWLHV DUH VWLOO SUHVHQW 7KH /66$ LV XVHG WR FRPSXWH WKH VLJQLILFDQW
XQGHUO\LQJIUHTXHQFLHV,Q&K\ED1HQDãLHOVDåLDGHQ]GURMRGND]RYWKHOHDVWVTXDUHVSHFWUXPZLWKVLJQLILFDQW
IUHTXHQFLHV LVSORWWHG IRU HDFKGLUHFWLRQRI*36VWDWLRQshos$IWHU LWHUDWLYH LQFOXVLRQRI DGGLWLRQDO WULJRQRPHWULF
WHUPVZLWK VLJQLILFDQW IUHTXHQFLHV WR WKH VLWHPRWLRQPRGHO WKH UHVXOWLQJ UHVLGXDO VHULHV DUHSUDFWLFDOO\ IUHH IURP
SHULRGLF VLJQDOV DQG WKHLU GLVWULEXWLRQ WHQGV WR UDQGRPGLVWULEXWLRQ&K\ED1HQDãLHO VD åLDGHQ ]GURM RGND]RY
ULJKW
7KHUHVXOWLQJVSHFWUXPGHWHFWVVLPLODUSHULRGLFVLJQDOV LQDOO WKUHHGLUHFWLRQV7KHPRVWVLJQLILFDQWQRLVHSHDN
ZLWK WKH KLJKHVW SRZHU LQ DOO WKUHH GLUHFWLRQV RI shos *36 VLWH LV DW IUHTXHQF\ RIͲǤͲͲ͵ͲȀ  ZKLFK
FRUUHVSRQGV D SHULRG RI ͵͵͵ േ ͵ͷ  )XUWKHUPRUH WKHUH LV DOVR LQFUHDVHG QRLVH SRZHU DW IUHTXHQF\
ͲǤͲͲͷͻȀ>SHULRGRIͳ͸ͻ േ ͳͲ@ LQ1DQG(GLUHFWLRQ7KHVHIUHTXHQFLHVZHUH IRXQG WREHGRPLQDQW
IUHTXHQFLHV LQ PRVW RI WKHͳʹͷ WLPH VHULHV 7KH UHDVRQV IRU VHDVRQDO YDULDWLRQV DQG SHULRGLFLWLHV ZLWK RWKHU
IUHTXHQFLHVDUHH[SORUHGLQ'RQJHWDO0DRHWDO
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)LJ5HVLGXDOWLPHVHULHVIRU1(DQG8GLUHFWLRQREWDLQHGDIWHUVROXWLRQRIDEDVLFPRWLRQPRGHOOHIW
DQGDIWHULPSOHPHQWDWLRQRID/66$ULJKW


)LJ/HDVWVTXDUHSRZHUVSHFWUXPDQGVLJQLILFDQWIUHTXHQFLHVIRU1(DQG8GLUHFWLRQIRU*36VWDWLRQshos6WDWLVWLFDOO\VLJQLILFDQWVSHFWUDO
SHDNVDUHJLYHQDWDͻͻΨFRQILGHQFHOHYHOUHGOLQH

$IWHUUHPRYLQJWKHPRVWSRZHUIXOIUHTXHQFLHVRWKHUVWDWLVWLFDOO\VLJQLILFDQWIUHTXHQFLHVDUHLQYHVWLJDWHG,QVRPH
WLPHVHULHVDVLJQLILFDQWIUHTXHQF\RIͲǤͲͲʹ͵ȀZKLFKFRUUHVSRQGVWR&KDQGOHUZREEOHZLWKWKHͶ͵ͷ
SHULRGLVSUHVHQW:KHQWKHGDLO\*36WLPHVHULHVDUHFRUUHFWHGIRUVWDWLVWLFDOO\VLJQLILFDQWSHULRGLFLWLHVWKH506(
DQG 615 YDOXHVZLWK GHFUHDVLQJ DQG LQFUHDVLQJ WUHQG UHVSHFWLYHO\ DUH REVHUYHG 7KH 506( YDOXHV LQ1 DQG (
GLUHFWLRQDUHVXSSUHVVHGIRUIDFWRU̱ʹDQGOLHDIWHUSURFHVVLQJWKH/66$DWWKHOHYHORIͲǤ͸̱ͳǤͷ݉݉ZLWKPHGLDQ
YDOXHVͳǤͲ݉݉1 DQGͲǤͻ݉݉( )RU 8 GLUHFWLRQ WKH 506( YDOXHV OLH DW WKH OHYHOʹǤͷ̱ͶǤͲ݉݉ ZKHUH WKH
PHGLDQ LVGHFUHDVHGIURPͶǤͲ݉݉WR͵ǤͶ݉݉7KH615YDOXHVRIUHVLGXDOVEHIRUHXVLQJ/66$DUHDW WKH OHYHORI
ͳͲ̱͵Ͳ1͵Ͳ̱͸Ͳ( DQGͳ̱ʹ8 0HGLDQ YDOXHV DUHͳ͸Ǥͻ1͵͸Ǥͳ( DQGͲǤͺ8 ZKHUHDV DIWHU XVLQJ
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/66$615YDOXHVUHDFKHGWKHOHYHORIʹͲ̱͸Ͳ1͸Ͳ̱ͳʹͲ(DQGʹ̱Ͷ8
0HGLDQ YDOXHV DOVR LQFUHDVHG WR͵ͲǤͻ1͹ͲǤʹ ( DQGͳǤʹ 8 :KHQ WKH FDOFXODWLRQ RI WKH OHDVWVTXDUHV
VSHFWUXPLVFDUULHGRXWDVLPXOWDQHRXV OHDVWVTXDUHVVROXWLRQIRU WKHSDUDPHWHUVRI WKHH[WHQGHGPRWLRQPRGHO LV
SHUIRUPHG7KHPDLQVFRSHRIWKHZRUNZDVWRFRPSXWHYHORFLWLHV±UDWHVDQGGLUHFWLRQVRIPRWLRQIRUDQDO\]HG*36
VWDWLRQVZLWK UHDOLVWLF XQFHUWDLQW\ (VWLPDWHG UDWHV DUH SUHVHQWHGZLWK WKH VHFRQG SDUDPHWHU LQ WKH VLWHPRWLRQ
PRGHOLQ
)URPDQDO\VLVRIRXUZRUNKRUL]RQWDOUDWHVRIDQDO\]HG*36VWDWLRQVLQ6&,*1DUHZLWKLQെͳͷ̱ ൅ ͵ͲȀ
ZLWKXQFHUWDLQWLHVXSWR͵Ǥ͹ȀIRU1GLUHFWLRQDQGZLWKLQെ͸Ͳ̱ͲȀZLWKXQFHUWDLQWLHVXSWRǤ ͲȀ
IRU(GLUHFWLRQ7KHREWDLQHGKRUL]RQWDOYHORFLW\ILHOGVKRZVWKHDQWLFORFNZLVHURWDWLRQRIVXUIDFHPRYHPHQWVRIWKH
VRXWKHUQ&DOLIRUQLDDUHDDORQJWKH6DQ$QGUHDV)DXOW7KHUHJLRQPRYHPHQWKDVDQDSSUR[LPDWHRULHQWDWLRQ͸ͷι
DFFRUGLQJWRRXUILQGLQJV&K\ED1HQDãLHOVDåLDGHQ]GURMRGND]RY
,Q&K\ED1HQDãLHO VDåLDGHQ]GURMRGND]RYYHUWLFDOYHORFLW\ILHOGIRUͳʹͷ*36VWDWLRQVLQ6&,*1LVJLYHQ
9HUWLFDO UDWHV ZHUH HVWLPDWHG ZLWKLQെͳʹ̱ ൅ ͷȀZLWK XQFHUWDLQWLHV XS WR͵ǤͺȀIRU WKH VDPH SHULRG
9HUWLFDO YHORFLW\ ILHOG VKRZV WKDW PRVW RI WKH VLWHV KDYH LQVLJQLILFDQW UDWHV $ PD[LPXP YHUWLFDO UDWH RI͵ǤͶ േ
ͲǤ͹ȀLVDWldes*36VLWH/DQGHUV(6 ൌ ͵ͶǤʹ͸͹͵ι/RQJLWXGH DQGLWVVXUURXQGLQJ$
PD[LPXP VXEVLGHQFH RI െͳͳǤͲ േ ʹǤͲȀ ZDV HVWLPDWHG DW mhms *36 VLWH 0DUNKDP 0LGGOH 6FKRRO
/DWLWXGH /RQJLWXGH 



)LJ+RUL]RQWDOYHORFLW\ILHOGZLWKͳߪXQFHUWDLQWLHVIRUDQDO\]HG*36VWDWLRQVLQ6&,*1ZLWKUHVSHFWWR,75)(UURUHOOLSVHVDUHFRPSXWHGDW
ͻͷΨFRQILGHQFHOHYHO



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)LJ9HUWLFDOYHORFLW\ILHOGIRUDQDO\]HG*36VWDWLRQVLQ6&,*1ZLWKUHVSHFWWR,75)
&RQFOXVLRQV
'HVSLWHFRQWLQXRXVGHYHORSPHQWRIPHDVXUHPHQW V\VWHPVDQGVHQVRUV WKH WRSLFRIGHWHFWLQJSRVLWLRQDORIIVHWV
DQG SHULRGLFLWLHV LQ *36 REVHUYDWLRQV KDV UHFHLYHG FRQVLGHUDEOH DWWHQWLRQ LQ UHFHQW \HDUV ,Q RXU VWXG\ ZH
LPSOHPHQWHGWKH/66$IRUDQDO\]LQJV\VWHPDWLFQRLVHDQGKLGGHQSHULRGLFLWLHVLQ*36WLPHVHULHV
:HKDYH SUHVHQWHGQXPHULFDOO\ WKDW/66$ WHFKQLTXH UHYHDOV WKH H[LVWHQFH RI VLJQLILFDQW VLJQDOV LQ UHVLGXDO WLPH
VHULHVDOVRZKHUHWKHGDWDJDSVDQGRIIVHWVDUHSUHVHQW7KHJUHDWHULVWKHVSHFWUDOYDOXHDWWKHVLJQLILFDQWIUHTXHQF\
WKHPRUH SRZHUIXO LV WKH WLPH VHULHV DW WKLV IUHTXHQF\ 7KHPHGLDQ VFDWWHU RI WKH ILOWHUHG UHVLGXDO WLPH VHULHV RI
ͳ1RUWKͲǤͻ(DVWDQG͵ǤͶ8SLVUHDFKHG615YDOXHVLQFUHDVHIRUIDFWRU̱ʹLQ1DQG(GLUHFWLRQ
DQGIRUIDFWRU̱ͳǤͷLQ8GLUHFWLRQ
7KHUHVXOWVZHUHFRPSDUHGWR1LNRODLGLVZKHUHWKHPRGHOZLWKZKLWHIOLFNHUQRLVHLQPHDVXUHPHQWVLV
XVHG,QRXUZRUNZHSUHVXPHRQO\ZKLWHQRLVH$IWHULWHUDWLYHVWHSVRI/66$WKHV\VWHPDWLFQRLVHLQWKHUHVLGXDO
WLPHVHULHVDQGFRQVHTXHQWO\ LQFRRUGLQDWH WLPHVHULHV LV UHPRYHGXVLQJ/66$DQGUHVLGXDOVGLVWULEXWLRQ WHQGV WR
UDQGRPGLVWULEXWLRQ7KHHVWLPDWHGUDWHVDQGXQFHUWDLQWLHVDUHFRPSDUDEOHWRWKHUHVXOWVLQ1LNRODLGLV
,Q IXWXUHZRUN ZH VXJJHVW LQFOXVLRQ RI LQIRUPDWLRQ DERXW HDUWKTXDNHV LQWR WKH VLWHPRWLRQPRGHO 7KHPRUH
GHWDLOHGFRPSDULVRQZLWK UHVXOWV LQ 1LNRODLGLVDQGXVHGPHWKRGVFDQEHGRQHE\FRQVLGHULQJ WKHFR DQG
SRVWVHLVPLFGHIRUPDWLRQVRISRVVLEOHHDUWKTXDNHVLQRXUDQDO\VLV

$FNQRZOHGJHPHQWV
7KHDXWKRUVZRXOG OLNH WR WKDQN WKRVHZKRRSHUDWHSHUPDQHQW*36VWDWLRQV DQGPDNH WKHLU GDWD DYDLODEOH IRU
UHVHDUFKVWXGLHV:HDUHDSSUHFLDWLQJWKH623$&IRUPDNLQJGDWDIURP6RXWKHUQ&DOLIRUQLD,QWHJUDWHG*36QHWZRUN
DYDLODEOH 7KH GDWD DQDO\VHV ZHUH SDUWO\ SHUIRUPHG LQ WKH /(2 ,,, FRPSXWH FOXVWHU ZKLFK LV VXSSRUWHG E\ WKH
$XVWULDQ 0LQLVWU\ RI 6FLHQFH %0:) DV SDUW RI WKH 8QL,QIUDVWUXNWXUSURJUDPP RI WKH )RFDO 3RLQW 6FLHQWLILF
&RPSXWLQJDWWKH8QLYHUVLW\RI,QQVEUXFN
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